In this paper, we document that mortgage-backed securities (MBS) held by the Federal Reserve exhibit faster principal prepayment rates than MBS held by the rest of the market. Next, we show that this stylized fact persists even when controlling for factors that affect prepayment behavior, and thus determine the MBS that are delivered to the Federal Reserve. After ruling out several potential explanations for this result, we provide evidence that points to an agency problem in the secondary market for MBS, which has not previously been documented, as the most likely explanation for the abnormal prepayment behavior of Federal Reserve-held MBS. This agency problem-a key feature of the MBS market-arises when originators of mortgages that underlie the MBS no longer share in the prepayment risk of the securities, thereby increasing incentives to solicit refinancing activity. Therefore, Federal Reserve MBS holdings acquired from originators as a result of large-scale asset purchases can help stimulate economic activity through a so-called "solicited refinancing channel." Finally, we provide an estimate of the additional refinancing activity resulting from the solicited refinancing channel in the years after the Federal Reserve's first MBS purchase program, demonstrating that this channel conveyed savings on monthly mortgage payments to homeowners.
Introduction
The Federal Reserve's response to the financial crisis that reached a climax in 2008 entailed a number of unconventional policy measures. Initially, various credit and liquidity facilities were implemented in order to ease pressure in financial markets, which put considerable downward pressure on interest rates. As short-term interest rates approached their zero lower bound and the economy remained weak, the Federal Reserve initiated the first of several large-scale asset purchase (LSAP) programs (also known as quantitative easing or QE) in an attempt to spur a more rapid recovery in financial conditions and the economy.
Among all of the unconventional policy measures, these LSAP programs that involved purchases of a various mix of Treasury securities, agency debt, and agency mortgage-backed securities (MBS) have garnered the most attention among financial market participants and academics. 1 Indeed, the adoption of QE by central banks in response to the recent financial crisis provided the opportunity for researchers to empirically evaluate the effects of these programs and assess the degree to which such programs can be relied upon by central banks restricted by the zero lower bound. A primary goal of LSAPs is to increase the prices of the aforementioned securities and their close substitutes, thereby lowering longer-term interest rates important to economic activity (Bernanke (2010) ). 2 Consequently, studies evaluating the effects of QE have focused almost exclusively on the effects of central bank securities purchases and holdings on asset prices and yields (e.g., Gagnon et al. (2011) , Krishnamurthy and Vissing-Jorgensen (2011) , Hancock and Passmore (2011), Neely (2012) , D'Amico and King (2013) , and Gilchrist and Zakrajšek (2013) ).
In this paper, we analyze the prepayment behavior of MBS held in the Federal Reserve's System Open Market Account (SOMA) portfolio after the first QE program. We document that MBS held by the Federal Reserve exhibit higher principal prepayment rates than similar 1 Throughout the paper, we use the term "MBS" to refer to securities backed by residential mortgages but not those backed by commercial mortgages.
2 The theoretical basis for this mechanism is captured in preferred habitat and portfolio balance theories, both of which rest on the presumption that the relative price of an asset is, to a considerable extent, dependent on the amount of the asset that is available to investors as a result of imperfect substitutability. These theories go back to Modigliani and Sutch (1966) and Tobin (1969) , but have recently garnered popularity as studies have added rigorous micro foundations to these theories (see, for example, Andres et al. (2004) and Vayanos and Vila (2009) longer shares in the prepayment risk of the MBS or, to the extent that only a portion of the MBS is purchased, bears less of the prepayment risk than prior to the QE program. Consequently, mortgage lenders have a higher incentive to solicit refinancings for previously extended loans that have been transferred off of their balance sheets along with much of the prepayment risk. Focusing on Federal Reserve MBS holdings acquired as a result of QE1, we use regression and propensity score matching techniques to demonstrate economically significant abnormal prepayment activity of between two and six percentage points in the two years after the end of QE1.
An agency problem that generates higher prepayment rates for Federal Reserve MBS holdings highlights a new transmission mechanism by which QE can work, which we refer to as the "solicited refinancing channel." Because MBS prepayments are overwhelmingly driven by refinancing activity rather than ongoing curtailment payments, more rapid prepayment rates imply savings for homeowners on their monthly mortgage payments. These monthly savings could translate into higher levels of consumption and/or more rapid improvements in household balance sheets, which may have been particularly important in the years since the recession. Thus, if the Federal Reserve purchases MBS that would have otherwise remained on the balance sheets of banks and other originators, QE programs can have stimulative effects that work through channels operating alongside those that affect asset prices and generate reductions in longer-term interest rates. Of course, the potency of this channel depends on the presence of the asset price channels identified in previous work, because the extent of the fall in interest rates will determine the total savings homeowners can realize through refinancing. We present estimates that, as a result of MBS purchases associated with QE1, the solicited refinancing channel can account for at least $16 billion in additional refinancing activity over the following years.
Therefore, the literature documenting the effects of the Federal Reserve's LSAPs on rates in primary and secondary mortgage markets is most relevant for our study. 6 For example, Hancock the majority of the MBS in our sample. Large institutions securitize whole loan mortgages for various reasons, including beneficial liquidity characteristics, credit guarantees provided by the GSEs, and regulatory benefits conveyed by the lower capital risk weights carried by MBS.
6 Most other studies of the Federal Reserve's LSAPs focus on their effects on Treasury yields. For example, using a cross-sectional dataset at the security-level, D'Amico and King (2013) document a statistically significant and economically meaningful impact of the Federal Reserve's Treasury purchases on yields of Treasuries and of their and Passmore (2011) find that the Federal Reserve's MBS purchases as part of the first LSAP program significantly lowered mortgage rates. Krishnamurthy and Vissing-Jorgensen (2011) study the effects of the first two LSAP programs across several asset classes, and conclude that MBS purchases were indeed effective in lowering MBS yields. In contrast, Stroebel and Taylor (2012) find that after controlling for prepayment and credit risks, only a small portion of the declines in mortgage spreads can be explained by the purchase programs.
Our study is also related to Fuster and Willen (2010) who focus on the effects of QE1 on the primary market for MBS. Using event study methodology, Fuster and Willen (2010) document an increase in refinancing activity upon program announcement and show that this increase is attributable to sharp declines in mortgage rates following the program announcement. Our study differs from Fuster and Willen (2010) because we document that Federal Reserve MBS ownership may lead to an increase in refinancing activity for those MBS over and above that caused by a decrease in mortgage rates. That is, even though the potency of our channel depends on the presence of interest rate effects as a result of QE1, its existence is explained by an agency problem in the secondary market for MBS that is induced by Federal Reserve MBS ownership, as opposed to the asset price effects of QE1. This agency problem represents an interesting and important feature of the MBS market and, to the best of our knowledge, has not previously been documented in the literature.
The remainder of our paper proceeds as follows: Section 2 describes pertinent details of the Federal Reserve's MBS purchases during QE1, with a focus on the to-be-announced secondary market for MBS. Section 3 describes the data. Section 4 presents the empirical methods and discusses the results. Section 5 discusses possible explanations for the abnormal prepayment speeds of Federal Reserve-held MBS. Section 6 describes the "solicited refinancing channel" and demonstrates the contribution of this channel to additional refinancing activity subsequent to QE1. Section 7 concludes.
close substitutes. Other studies, such as Swanson (2011) , Gagnon et al. (2011), and Wright (2012) , rely on event studies to provide evidence for significant effects of the Federal Reserve's Treasury purchase programs on Treasury yields. Focusing on the "default risk channel", Gilchrist and Zakrajšek (2013) find that the LSAP announcements led to substantial reduction in the cost of insurance against corporate defaults.
QE1 MBS Purchases and the To-Be-Announced MBS Market
On November 25, 2008, the Federal Reserve announced that it would initiate a program to purchase $100 billion of direct government-sponsored enterprise (GSE) debt and up to $500 billion in GSE-guaranteed MBS (also referred to as agency MBS). This program-which came to be known as QE1 as it represented the first of several large-scale asset purchase programs conducted by the Federal Reserve-was undertaken to reduce the cost and increase the availability of credit available to homeowners, which would in turn support housing markets and foster improved conditions in financial markets more generally.
Due to the specialized technological and operational requirements associated with MBS purchases, the Federal Reserve retained several investment managers to transact in the agency Importantly, in order to accommodate the relatively large purchases under the program, the investment managers conducted transactions in the highly liquid to-be-announced (TBA) market. The TBA market allows for the forward trading of agency MBS based upon a handful of parameters under which mortgage pools can be considered interchangeable. At the time of a trade in the TBA market (which may take place up to three months prior to settlement), only the issuer, maturity, coupon, face value, price, and the settlement date are agreed upon. Thus, buyers in the TBA market agree to purchase MBS at a future date without knowing the CUSIPs that will ultimately be delivered. Two days prior to the contracted settlement date, the seller of the agency MBS will notify the buyer of the identity of the MBS pools that will be delivered to honor the transaction.
As a result of this information asymmetry, TBA transactions trade on a "cheapest-todeliver" basis because the seller selects the lowest value securities among eligible MBS in their inventory. 7 The primary source of differences in agency MBS valuations-and therefore the primary determinant of the cheapest-to-deliver securities-is prepayment risk. Although the GSEs impose standards for the mortgages that underlie securitized mortgage pools eligible for the TBA market, variation in loan sizes, age, geography, and other characteristics can be used to identify MBS that are likely to see higher prepayment rates. Nevertheless, over 90 percent of agency MBS trading takes place in the TBA market (Vickery and Wright (2013) ) and, when compared to other U.S. fixed income markets, daily trading volumes are second only to those observed in the market for U.S. Treasuries.
Following their meeting on March 18, 2009, the FOMC released a statement that allowed for an additional $750 billion of agency MBS purchases, bringing total authorized purchases to $1.25 trillion. At the same meeting, the FOMC also decided to expand agency debt purchases and purchase $300 billion of longer-term Treasury securities. As then-Chairman Bernanke would later explain, a primary goal of these purchases was to increase the prices of the purchased securities and their close substitutes, thereby lowering longer-term interest rates important to economic activity (Bernanke (2010) ). In September of that year, the FOMC committed to purchase the full $1.25 trillion of agency MBS, and explained that the purchase program would be completed in March of 2010. A few weeks prior to the end of QE1, internal staff at the Desk began executing agency MBS purchases, alternating trading days with the sole remaining outside investment manager.
However, purchases continued to be conducted in the TBA market, and therefore nearly all MBS settlement associated with QE1 had taken place by June 2010. 8 Table 1 contains a summary of the operations conducted as part of QE1. As shown in the table, purchases were concentrated in Fannie Mae and Freddie Mac securities with a 30-year 7 This feature of the TBA market is analogous to the Treasury futures market, which also trades on a cheapestto-deliver basis. For more information on this and other characteristics of the TBA market, see Vickery and Wright (2013) .
8 As of June 2010, $9.2 billion of Fannie Mae 5.5 percent coupon securities had yet to settle. As a result, the Open Market Trading Desk conducted coupon swap operations in order to acquire agency MBS that were more readily available for settlement. For the purposes of our analysis below, we ignore these securities.
original term to maturity. Note that, per TBA guidelines, coupon rates on TBA transactions vary in 1/2 percent increments, reflecting the MBS pools that will be delivered. We now turn to a discussion of our data, which includes a description of the filters and controls that can be used to appropriately compare Federal Reserve holdings with a wider universe of TBA-eligible MBS.
Data
In order to evaluate the effect of Federal Reserve MBS ownership on prepayment rates, we require data on Federal Reserve MBS holdings and characteristics for the universe of agency MBS. First, we compile a list of MBS CUSIPs held in the Federal Reserve's SOMA portfolio, which is published on a regular basis by the FRBNY and made available via their website. In order to achieve a more homogenous set of MBS, we keep only 30-year MBS that were issued by Fannie Mae and Freddie Mac. 9 As summarized in Table 1 , these securities were by far the most commonly purchased during QE1. Beginning our sample in June 2010 (three months after the end of the QE1 MBS purchases), the remaining principal balance of these securities held in the SOMA portfolio was about $980 billion. Note that this figure is slightly below the par value of purchases of these securities, which totaled about $1.08 trillion. This difference can be attributed to principal payments received on the purchased securities over the course of QE1.
Next, we use data provided by eMBS Inc. (a widely referenced MBS analytics provider) to compile characteristics for the universe of 30-year Fannie Mae-and Freddie Mac-issued MBS that were TBA-eligible as of June 2010. Of these securities, we keep only those securities with fixed-coupons that were purchased by the Federal Reserve during QE1 (shown in the top panel of Table 1 ). Since Federal Reserve MBS purchases were concentrated in relatively unseasoned MBS, we remove those MBS with production years-also known as "vintages"-that are much older than those held in the SOMA portfolio. More specifically, for each coupon, we identify Additionally, we drop those CUSIPs in each coupon that have prefix identifiers other than those purchased by the Federal Reserve. 10 Finally, we remove pools with fewer than 25 loans (though the results below are not sensitive to the precise cutoff). These low-loan pools are dropped since monthly prepayment rates can become outliers when even a single refinancing occurs. In total, these filters reduce the universe of CUSIPs in our sample from 323,836 to 84,535. Figure 1 displays the substantial differences in monthly prepayment rates between securities held in SOMA (the dashed lines) and those held by the market (the solid lines) over the 24 months immediately following QE1. Compared with securities held by private investors, prepayment rates are systematically higher for securities purchased during QE1 and held in the SOMA portfolio.
The inset tables in each panel of Figure 1 list the total prepayment rates realized from June 2010 through June 2012. Averaging across the coupon stack displayed in 1, prepayment rates on securities held in the SOMA portfolio were about 7 percentage points faster over this two-year period. Weighting by the number of CUSIPs in each coupon reveals that SOMA-held MBS had prepayment rates that were just over 9 percentage points faster than market-held securities.
In Table 2 , we present selected descriptive statistics for our sample. For each coupon, we distinguish between those CUSIPs that are held by the Federal Reserve (labeled "SOMA") and those that are not (labeled "Market"). As expected based on the discussion in the previous section, SOMA securities indeed possess some features consistent with faster prepayment rates.
For example, SOMA-held MBS have a larger weighted-average loan size and, where differences are large, SOMA securities were more heavily backed by mortgages originated by a third party (TPO share). 11 However, systematic differences in other characteristics between SOMA-and 10 Pool prefixes are used to identify important characteristics of the mortgages that underlie each CUSIP. For example, pools of adjustable-rate mortgages will have a different prefix identifier than a 30-year fixed rate pool, which will in turn have a different prefix identifier than a 15-year fixed rate pool. Importantly, prefix identifiers can be used to indicate which securities will command a premium in the specified pool market rather than trading in the TBA market. For more examples of prefix identifiers, see http://www.fanniemae.com/resources/file/mbs/ pdf/pool-prefix-glossary.pdf. The list of prefix identifiers purchased by the Federal Reserve for each coupon is available from the authors upon request.
11 Detailed descriptions of the data in Table 2 can be found in the table notes. 8 market-held securities are either smaller than one might naively expect, or nonexistent. This relative similarity is likely due to a combination of two factors. First, our exclusion criteria detailed above likely removed many market-held MBS that would have traded in the specified pool market and would thus not be considered part of the cheapest-to-deliver cohort traded in the TBA market. Second, a reasonable amount of homogeneity is imposed on MBS eligible for TBA trading, as outlined in Vickery and Wright (2013) . For example, the securitization process involves a relatively limited number of issuers, is likely to produce geographic diversification, and sets restrictions on interest rates deliverable into a single security. Moreover, loans eligible for agency securitization are subject to constraints on loan size, borrower types, and minimum down payments. A third reason for the relative similarity between the SOMA and market portfolios is that primary dealers, with whom the Federal Reserve transacts, may have not been able to efficiently select among their inventory given the large volume of Federal Reserve purchases.
Similarly, the expectation of rising rates during QE1, as implied by the swap curve, may have reduced the incentive of investors to deliver faster prepaying securities. This is because a principal prepayment that is made at par may be attractive to an investor that is holding an MBS that is trading at a discount.
Empirical Methods and Results

Regression Results
In order to quantify the extent to which abnormal prepayment rates of SOMA-held MBS are explained by cheapest-to-deliver characteristics of these securities versus effects related to Federal
Reserve ownership, we begin by running cross-sectional regressions of CUSIP-level prepayment rates on a dummy variable indicating Federal Reserve ownership and a set of control variables.
Formally, we estimate the following regression separately for each coupon:
where TPR i denotes the total prepayment rate of CUSIP i, computed as the amount of prepay- Archer et al. (1996) and Green and LaCour-Little (1999) ) and are used by dealers to determine which securities to deliver into TBA contracts.
The first two control variables are loan age and (loan age) 2 , which capture the non-linear effects of aging on a security's prepayment risk. Generally, borrowers are disinclined to refinance a recently closed mortgage or move to a different home immediately after purchasing a property. As a result, prepayment rates are normally very low in the months following mortgage closing before ramping up substantially and leveling off. A very seasoned security, however, may be subject to a "burnout" effect. Burnout describes the phenomenon that loan pools become less responsive to refinancing incentives over time. This is because those borrowers that have failed to take advantage of previous refinancing opportunities-perhaps because of higher refinancing costsare less likely to refinance in the future. In order to account for differential prepayment incentives across pools, we include the weighted-average coupon on the underlying loan pool as a control variable. Furthermore, we include the weighted-average loan size of a pool in our set of controls;
securities with small loan sizes are likely to prepay more slowly than securities with larger loan sizes because it is more difficult for borrowers with small loans to financially justify the fixed costs of refinancing. Moreover, we include the interaction term coupon × loan age as the relationship between the refinancing incentive and prepayment may depend on the age of the loans in a pool.
More seasoned pools may respond more slowly to the same refinancing opportunity than less seasoned pools. Factor, which is the fraction of the original principal balance that remains to be repaid, is added as a control variable as it is indicative of the cumulative refinancing a security has experienced. Even though somewhat related to loan age, factor may capture persistence in prepayment speeds. Finally, we include a dummy variable that equals one if a security is Freddie Mac-guaranteed and zero otherwise. This variable allows us to control for differences in prepayment speeds between Freddie Mac and Fannie Mae securities.
In some specifications, the weighted-average credit score (FICO), the share of loans originated by a third party (TPO share), and the share of loans in the pool that were originated as a result of a previous refinancing (refi share) are used as additional controls. Our priors for the first two variables are clear: a borrower with a strong credit history is more likely to refinance than a borrower with a lower credit score, and loans originated by a third party generally have increased prepayment risk. The effect of refi share on prepayment speeds is less clear as the variable does not differentiate between "rate refinancing" and "cash-out refinancing," which tend to have opposite effects on prepayment speeds (see, e.g., Fabozzi (2005) ). While rate refinancing may improve a borrower's credit and therefore lead to an increase in prepayments, cash-out refinancing generally increases a borrower's leverage and lowers her credit, leading to slower prepayments. 12 Finally, vintage and geographic dummy variables are included in some specifications to capture differences in prepayment speeds between different production years as well as regional differences in prepayment behavior.
We estimate equation (1) by coupon using ordinary least squares. 13 Table 3 reports the average effects of Fed ownership and various control variables on prepayment rates for the two years following QE1. The first set of columns shows the estimation results for 4.0 percent coupon securities. We report these results for completeness but caution against drawing any conclusions from the estimates as these securities are unseasoned securities with very low prepayment rates that makes reliable inference very difficult. 14 Turning to the baseline results for 4.5 percent coupon securities (reported in column (1)), we obtain statistical significance for fed ownership and various control variables. The positive coefficient on loan age in conjunction with the negative coefficient on (loan age) 2 reflect the expected aging-related prepayment path for MBS; prepayments initially increase as a security ages, then level off, and finally decline when a security becomes well aged. As expected, the higher the weighted-average coupon and the larger the weighted-average loan size of the underlying loan pool, the higher the prepayment rate. The negative coefficient on factor suggests that the more has repaid in a pool the higher is the subsequent prepayment rate. This result could be due to persistence in prepayment speeds. Consistent with our prior, we obtain a negative coefficient estimate for the interaction variable coupon × loan age; that is, the more seasoned a security, the weaker prepayments for a particular level of refinancing incentive as the savings from a refinancing are lower for aged loans all else equal, and may not justify incurring refinancing fees. Moreover, we find that Freddie Mac securities exhibit faster prepayments than otherwise identical Fannie Mae securities.
Importantly, even after accounting for cheapest-to-deliver effects by conditioning on various factors that explain prepayment behavior of MBS, securities held by the Federal Reserve prepay more quickly than those securities not held in SOMA, as indicated by the significantly positive coefficient estimate on Fed ownership. As shown in column (2), these results are mostly insensitive to the inclusion of vintage and geographic dummy variables, though these dummies are frequently included in prepayment models and their inclusion increases the explanatory power of the regressions. Similarly, the results are qualitatively the same when adding FICO, TPO share, and refi share as additional controls (see columns (3) and (4)) and, in fact, the coefficient on Fed ownership is the largest in these specifications. Not surprisingly, we find that pools with a higher credit score are more likely to prepay than worse credits, as indicated by the coefficient on FICO.
Finally, both TPO share and refi share are positively correlated with prepayment speeds.
For the sake of brevity, we focus the discussion for all remaining coupons-that is, 5.0 -6.5 percent coupons-on the results for the Fed ownership variable. In the baseline specification, the coefficient estimates on Fed ownership range from 2.2 to 5.3 and are highly statistically significant. Table 4 , we obtain statistically positive coefficient estimates for Fed share for all coupons but the 4.0 percent coupon, which suggests that the abnormal prepayment behavior is stronger for those securities that the Federal Reserve holds in larger amounts. In the baseline specification, the estimates range from 2.8 to 6.7. Furthermore, the effect is robust to the inclusion of additional control variables in specifications (2)-(4). Importantly, even though the finding that abnormal prepayments are larger for securities held by the Federal Reserve in large amounts does not rule out the possibility that our results are due to a misspecified model, it does undermine this concern and points to a causative effect of Federal Reserve ownership. The estimated effects of various controls are very similar to those in Table 3 when Fed ownership is used as the explanatory variable.
As a robustness check, we pool all securities and re-run the regression model specified in equation (1). For these pooled regressions, we also include coupon-vintage dummies in come specifications. The first set of columns in Table 5 presents the estimation results when Fed ownership is used as the key independent variable and the second set reports the results when Fed share is used. As before, the estimates for the control variables have the expected sign and, in general, 13 are statistically significant. Importantly, the relationship between Federal Reserve ownership and prepayment rates documented previously holds in the pooled regression framework. 15 The coefficient estimates on both Fed ownership and Fed share are highly statistically significant in various regression specifications. The size of the coefficient on Fed ownership in specification (4) implies that securities held by the Federal Reserve show prepayment rates that-after controlling for other factors that determine prepayment speeds-are about 3.4 percentage points higher than they would otherwise be.
Comparing the estimates from Table 5 with the prepayments from Figure 1 indicates that a substantial proportion of the total prepayment differences cannot be accounted for by the characteristics used to identify cheapest-to-deliver MBS. Although a prepayment difference of three percentage points over the course of two years may seem relatively small, there are reasons why a more sizable measured effect may not be expected, as we will discuss in more detail below. 
Propensity Score Matching Results
According to the results presented above, the effect of Federal Reserve ownership on prepayment rates is robust to different regression specifications. Furthermore, unreported results show that the inclusion of additional interactions and control variables as well as higher powers of the control variables do not materially change the results. Nevertheless, our findings may be the result of model misspecification if we are not controlling accurately for all factors that may affect prepayment behavior. In other words, our observed result could simply reflect the nature of the TBA market discussed above, which implies that the Federal Reserve would receive securities that trade on a cheapest-to-deliver basis. Of course, the finding that prepayment speeds increase in the share of the CUSIP held by the Federal Reserve provides some remedy against this concern.
15 The inclusion of the 4.0 percent coupon securities attenuates the magnitude of these coefficients somewhat.
However, an alternative strategy to account for the likelihood that the Federal Reserve was delivered only those MBS that were cheapest-to-deliver is to use propensity score matching (PSM). Rather than relying on a parametric model that must be correctly specified, the goal of PSM is to non-parametrically balance characteristics of different MBS. In this way, MBS held in the SOMA portfolio can be matched to securities that are very similar across characteristics used to identify cheapest-to-deliver securities. Identifying market-held securities that are also traded on a cheapest-to-deliver basis as of June 2010 allows us to compare the prepayment outcomes of the treated (SOMA-held) MBS with the control (market-held) MBS to achieve an estimate of the causal effect of Federal Reserve ownership. Given conditions outlined in Rosenbaum and Rubin (1983) , the propensity score matching estimator can be written as follows:
The propensity score matching estimator can be interpreted as the average difference in prepayment rates between securities held in SOMA (TPR 1 ) and those held by the market (TPR 0 ), weighted by the propensity score distribution of delivery into the SOMA portfolio (P r(SOMA = 1|x)). To generate propensity scores for each security, we estimate a probit model using securitylevel characteristics described in Table 2 , along with a host of additional variables including indicators of production years, geographic representation, and mortgage servicers. We then use a nearest neighbor matching estimator to identify MBS that were not delivered to the Federal
Reserve but would have also been considered cheapest-to-deliver. 16 In this way, we are able to estimate the so-called "average treatment effect on the treated" (ATT) securities-that is, the additional prepayments on securities as a result of acquisition by the Federal Reserve-which we report in Table 6 . While we do not find discernable treatment effects for the 4.0 percent and 4.5 percent coupon securities, we find highly statistically significant effects that are economically meaningful for other coupons. The strongest treatment effect is documented for the 5.5 percent 16 Employing a local linear regression matching estimator produces very similar results.
coupon, and indicates that Federal Reserve ownership leads to a prepayment rate that is about 4.6 percentage points faster than it would have otherwise been. Table 6 also reports pseudo R-squared values of the probit model before and after matching, which demonstrate that adequate balancing was achieved. This is especially true for the higher coupons, which offer a richer set of control (market-held) MBS with which Federal Reserve securities can be matched. Indeed, the relative dearth of market-held MBS in the 4.5 percent coupon may explain the insignificant results achieved for the ATT, though it is also likely that the young age of the loans and the high share of refinancings in these pools (see Table 2 ) limit the ability to detect differences between SOMA-and market-held securities.
Furthermore, we report Rosenbaum bounds to determine how strongly an unmeasured confounding variable must affect selection into treatment in order to undermine the causal effects produced by the matching analysis (Rosenbaum (2002)). In other words, for the 5.5 percent coupon, the observed effect would still be significant even if hidden bias resulted in SOMA-held securities being more than two times as likely to be delivered to the Federal Reserve than matched market-held securities. Since the characteristics provided by eMBS are also those used by market participants to forecast prepayment rates, this degree of hidden bias owing to unobserved variables seems unlikely. Furthermore, in unreported results, we find that extending the comparison window beyond June 2012 increases minimum Rosenbaum bounds for all coupons and shows that SOMA-held 4.5 percent coupon securities eventually began prepaying at a quicker pace than similar market-held CUSIPs.
Overall, the PSM results support the previously reported finding that higher-coupon securities held by the Federal Reserve experience substantially faster prepayment rates than comparable securities held by the market, and this difference cannot be explained by characteristics traditionally used to forecast prepayment rates.
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Possible Explanations of the Abnormal Prepayment Rates
The previous results demonstrate that MBS purchased by the Federal Reserve exhibit abnormally fast prepayment behavior that cannot be explained by the characteristics dealers use to identify cheapest-to-deliver securities. In this section, we discuss several possible explanations for this finding and present empirical evidence that points to a principal-agent problem in the MBS market as the most likely explanation.
Soft Information
One possibility that could explain the results reported above is that banks may deliver securities based at least in part on the "soft" information gathered from their relationships with homeowners. For this to be the case, banks would have to use this information to identify borrowers that are more likely to prepay, and sell the MBS backed by these mortgages disproportionately to the Federal Reserve. Essentially, this would amount to an omitted variable correlated with Federal
Reserve ownership.
Although this possibility seems rather unlikely, we nevertheless perform a test to rule out this explanation for our results. Specifically, we identify a subset of MBS for which lenders are unlikely to possess soft information that would not be captured by characteristics detailed in eMBS, and run a similar set of regressions. Observing similar results to those reported for the full sample would indicate that the possession of soft information cannot explain the results achieved above. Table 7 presents an identical set of regressions to those included in Table 5 , but limits the sample to those MBS for which third party originations compose more than 50 percent of the underlying mortgages. If soft information was used to deliver securities to the Federal Reserve, the coefficient on Fed ownership and Fed share should be very small or insignificant for this subset of MBS. However, as shown in Table 7 , Fed ownership and Fed share maintain their explanatory power for TPR. Thus, it seems that soft information acquired through an origination and lending relationship is unable to explain the abnormal prepayment behavior of SOMA-held MBS.
Bundling of Whole Loans
Another possible explanation of the anomalous prepayment behavior documented above is that banks selected from their whole loan portfolio to create new MBS that were then delivered to the Table 8, we find significant effects for MBS produced prior to the commencement of QE1. Similarly, Table   9 , shows the results for production years 2009 and 2010, while QE1 was ongoing. The effect of Federal Reserve ownership persists for these securities, but is slightly weaker than for the rest of the sample. Thus, we can rule out the possibility that it is the selection from banks' whole loan portfolios that drives the results reported in Section 4.
Delinquency Rates
There is also the possibility that the abnormal prepayment behavior of MBS held by the Federal
Reserve is driven by higher rates of delinquency and default, which may not be fully captured by, for instance, geographic controls, credit scores, and loan-to-value ratios. In this case, higher prepayment rates on securities delivered to the Federal Reserve could merely reflect involuntary prepayment behavior resulting from excessive delinquencies. We note, however, that the results reported above for securities produced in 2009 and 2010 suggest that the higher prepayments on securities held by the Federal Reserve are not due to delinquencies. Given the tight lending standards during this period, the stable house prices, and the relatively short time period used to calculate the total prepayment rate, delinquencies for these securities over our observation period were likely minimal. Consequently, observing an effect for Federal Reserve ownership for this subsample suggests that voluntary prepayments are in fact driving the result.
Nevertheless, we are able to account for the effect of delinquency-driven prepayment behavior more directly. Although only available for MBS issued by Freddie Mac, eMBS contains monthly figures for the share of prepayments that are due to agency repurchases of delinquent loans. Thus, we remove these involuntary prepayments from the total prepayment rate, and regress this value on our standard set of controls for Freddie Mac securities. 
An Agency Problem in the Secondary MBS Market
Finally, the above result may be explained by a principal-agent problem that is present in the secondary MBS market more generally. This agency problem can arise when an institution that originated the mortgages underlying an MBS no longer bears the prepayment risk of the security. Having transferred the prepayment risk to an outside investor (the principal), the originating institution (the agent) may wish to refinance mortgages it originated in order to generate income from refinancing fees. 17 In fact, a similar agency problem is often cited to explain the otherwise puzzling prepayment behavior exhibited by mortgages that are originated by third parties (see, for example, LaCour-Little and Chun (1999)). These incentives are so pervasive that non-solicitation agreements are commonly included to protect lenders from the potential agency problem. However, investors (such as the Federal Reserve) simply purchase MBS in the secondary market, and thus no such non-solicitation agreement could exist. 18 Insulated from the prepayment risk, a bank may face incentives to encourage a higher rate of refinancing activity subsequent to selling MBS. Because banks hold a substantial fraction of MBS outstanding, comparing the Federal Reserve's MBS portfolio with that of the market, as we have done here, can reveal a significant difference in prepayment rates that would not be explained by the characteristics of the MBS if this mechanism is in operation.
Notably, this mechanism would represent an important feature of the secondary market for MBS, because all MBS investors that purchase securities from originators face this agency risk by altering incentives as described above. Indeed, our conversations with staff at large mortgage originators and servicers suggest that this agency issue is widespread. Yet, to the best of the authors' knowledge, this agency problem has remained undocumented in the literature.
If the agency problem mechanism is indeed the cause of the observed prepayment differential between Federal Reserve-and market-held MBS, this mechanism would likely be strongest for large institutions. These institutions originate the majority of the loans and hold a significant amount of the securitized loans on their balance sheets. Therefore, large originators have a greater incentive to incur the fixed costs of identifying which mortgages back which MBS, and will devote resources accordingly. Thus, larger institutions have both the incentives and the ability to preferentially solicit refinancings from borrowers whose prepayment risk has been transferred to the Federal Reserve.
To test for differential effects between large and small institutions, we would ideally include originator information in the pooled regressions. While our dataset contains only limited data on loan originators, it furnishes information about the servicers of the loans. Using the plausible assumption that the four largest banks that originate the overwhelming majority of mortgages in the United States also service many of the originated loans underlying the MBS, we can exploit servicer information to draw inference on differential effects for large and small originators. To that end, we include dummy variables for the four largest U.S. bank holding companies (Bank of America, Citigroup, J.P. Morgan, and Wells Fargo) that equal one if a bank services the plurality of the mortgages in a pool and zero otherwise, as well as interactions of these dummies with Fed ownership and Fed share, respectively. These four banks are the dominant servicers in nearly 60 percent of the MBS in our sample. Table 11 reports the results for various regression specifications using Fed ownership on the left, and the results using Fed share on the right. As before, the coefficient estimates on Fed ownership and Fed share are highly statistically significant, indicating that the agency problem mechanism exists in medium-to smaller-sized originators.
In both sets of results, the coefficient estimates on the large-bank dummy variables support the well-known fact that refinancing activity at Bank of America and Citigroup was more muted over this period; in contrast, J.P. Morgan and Wells Fargo refinanced more mortgages compared to other institutions. Moreover, the stark differences in prepayment rates for different originators underscore the ability of institutions to influence refinancing activity among their borrowers.
Finally, in the specifications in which Fed ownership is used, the coefficients on the interaction terms suggest that the abnormal prepayment rates as a result of Federal Reserve ownership is even more pronounced for the four largest banks. This effect is the strongest for pools serviced by Wells Fargo. Interestingly, this result holds even for securities serviced by Bank of America that generally prepaid more slowly. It seems plausible that in light of capacity constraints over this period, any refinancing initiatives may have focused on securities no longer held by the bank.
When Fed share is used, this effect remains evident, although the results are slightly weaker for Bank of America and Citigroup. In total, these results suggest that, although the channel is in effect for firms of all sizes, abnormally fast prepayment rates are even more pronounced among larger originators, consistent with an explanation that an agency problem mechanism is at work.
Another implication of the mechanism we described above to explain the faster prepayments is that the estimated effect of Federal Reserve ownership on total prepayment rates would not steadily increase over time. Rather, banks would focus first on soliciting refinancings among the set of borrowers that would benefit from such a transaction and whose securitized mortgages it no longer holds. Eventually, though, banks would exhaust this set of borrowers and monthly prepayment rates would be more similar between SOMA-held and bank-held securities (conditional on x i ). Potentially, resources may then be used to refinance homeowners whose mortgages securitize MBS held by the bank, leading to a tapering of the documented effect. In contrast, if the documented effect was the result of model misspecification-that is, if the cheapest-to-deliver features of MBS held by the Federal Reserve are not properly accounted for-then the perpetually higher prepayment risk of securities held by the Federal Reserve would imply that, each month, these securities prepay more than market-held securities and, consequently, the size of the observed effect would grow continuously over time. 19 Thus, we run the pooled regressions outlined previously for different sample periods that extend beyond our baseline sample. Specifically, we keep the start date for the sample the same but extend the end date in increments of six months until the end of 2013. (2002)). The savings for homeowners as a result of the additional prepayment effect documented in this study are likely a non-negligible factor in providing stimulus for the economy through increased consumer spending or a more rapid improvement in household finances. Of course, the magnitude of the increase in consumption depends on refinancers' marginal propensity to consume out of monthly savings on mortgage payments and the incidence of cash-out refinancing.
We take two approaches to estimate the amount of refinancing activity realized as a result of this channel. In each case, we must first estimate the reduction in banks' MBS holdings as a consequence of Federal Reserve MBS LSAPs. First, we follow the methodology in Carpenter et al. (2015) and estimate various specifications of the following equation:
In equation (3) Table 12 reports the results from the estimation of equation (3). In Table 12 , the first three as the Desk gradually reduced MBS purchase amounts. Nevertheless, actual increases in banks' MBS holdings were greater than predicted in only two months during QE1, and in total, banks' actual MBS holdings were approximately $425 billion lower than predicted. Assuming that the Federal Reserve's MBS purchases caused this deviation in MBS holdings, and again using the result that prepayment rates attributable to solicited refinancings were four percentage points higher implies that LSAP1 generated about $17 billion in additional refinancing activity over a two-year period-very close to the previous estimate of $16 billion.
However, the $16-$17 billion estimate likely understates total refinancing activity as a result of this channel, since the difference in prepayment rates reported in Table 5 Importantly, the refinancings that are produced by the solicited refinancing channel are in addition to those that occur simply as a result of the decline in interest rates per se, which could follow a QE-induced fall in interest rates regardless of the type of assets purchased under the program. Rather, the solicited refinancing channel arises because originators act as agents of MBS investors such as the Federal Reserve, and can influence prepayment rates through borrower outreach. Indeed, because there can be potentially important differences in the effects of central bank purchases depending on the type of asset purchased, many economists refer to these programs as LSAPs rather than QE, since QE has traditionally been used to describe an expansion of a central bank's liabilities with little consideration for the composition of purchased assets (Bernanke (2009) ).
Conclusion
In this paper, we show that Federal Reserve-held MBS prepay significantly faster than MBS not held by the Federal Reserve. We then show that much of the prepayment differences cannot be explained by factors that are used by dealers to determine the cheapest-to-deliver securities sold to the Federal Reserve.
We assess four possible explanations that may explain the share of the difference in prepayment rates between SOMA-and market-held MBS that is not explained by "cheapest-to-deliver" characteristics of the securities: 1) dealers may determine which securities to deliver based, in part, on soft information obtained through their business relationships with the borrowers; 2) banks may have selected from their whole loan portfolio loans with very high prepayment risk to create new MBS that they then delivered to the Federal Reserve; 3) dealers may have delivered securities that suffered from higher rates of delinquency and involuntary prepayments; and 4) an agency problem that arises because institutions that originated the mortgages backing a security no longer share in the prepayment risk of that security after it is purchased by the Federal Reserve, which can incentivize institutions to refinance mortgages that underlie MBS they no longer hold.
Our test results point to the agency problem mechanism as the most likely explanation for the abnormal prepayment behavior of Federal Reserve-held MBS. Under this mechanism, originators are more likely to solicit refinancings from borrowers when the prepayment risk of the MBS has been transferred off of their balance sheets. Although this agency problem is an important feature of the secondary market for MBS, it has hitherto gone undocumented in the literature. We explain that the presence of this agency problem can generate a so-called is held by the Federal Reserve; wac is the weighted-average coupon on the underlying mortgage pool; factor is the fraction of the original principal balance that remains to be repaid; Freddie is a dummy variable that equals one if security i is a Freddie Mac security; FICO is the FICO credit score; TPO share is the share of loans originated by a third party; and refi share is the share of loans in a pool that were originated as a result of a previous refinancing. 
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(1) is held by the Federal Reserve; wac is the weighted-average coupon on the underlying mortgage pool; factor is the fraction of the original principal balance that remains to be repaid; Freddie is a dummy variable that equals one if security i is a Freddie Mac security; FICO is the FICO credit score; TPO share is the share of loans originated by a third party; and refi share is the share of loans in a pool that were originated as a result of a previous refinancing. The variables wala, wals, and woacs are weighted-averages. Four regression specifications are estimated separately for each coupon. All specifications include a constant (not reported). Robust standard errors are reported in parentheses. Statistical significance: * * * p < 0.01, * * p < 0.05, * p < 0.10. Table 4 Regression Estimates for Prepayment Rates
Panel A: 4.0% -5.0% Coupons
(1) Fed share denotes the share of security i that the Federal Reserve holds; wac is the weighted-average coupon on the underlying mortgage pool; factor is the fraction of the original principal balance that remains to be repaid; Freddie is a dummy variable that equals one if security i is a Freddie Mac security; FICO is the FICO credit score; TPO share is the share of loans originated by a third party; and refi share is the share of loans in a pool that were originated as a result of a previous refinancing. The variables wala, wals, and woacs are weighted-averages. Four regression specifications are estimated separately for each coupon. All specifications include a constant (not reported). Robust standard errors are reported in parentheses. Statistical significance: * * * p < 0.01, * * p < 0.05, * p < 0.10. Table 4 continued Panel B: 5.5% -6.5% Coupons
(1) Fed share denotes the share of security i that the Federal Reserve holds; wac is the weighted-average coupon on the underlying mortgage pool; factor is the fraction of the original principal balance that remains to be repaid; Freddie is a dummy variable that equals one if security i is a Freddie Mac security; FICO is the FICO credit score; TPO share is the share of loans originated by a third party; and refi share is the share of loans in a pool that were originated as a result of a previous refinancing. The variables wala, wals, and woacs are weighted-averages. Four regression specifications are estimated separately for each coupon. All specifications include a constant (not reported). Robust standard errors are reported in parentheses. Statistical significance: * * * p < 0.01, * * p < 0.05, * p < 0.10. Table 5 Pooled Regression Estimates for Prepayment Rates
Variables (1) (2) (1)- (4)) or Fed share (in the second set of columns (1)- (4)) as well as other explanatory variables. Fed ownership is a dummy variable that equals one if security i is held by the Federal Reserve; Fed share denotes the share of security i that the Federal Reserve holds; wac is the weighted-average coupon on the underlying mortgage pool; factor is the fraction of the original principal balance that remains to be repaid; Freddie is a dummy variable that equals one if security i is a Freddie Mac security; FICO is the FICO credit score; TPO share is the share of loans originated by a third party; and refi share is the share of loans in a pool that were originated as a result of a previous refinancing. The variables wala, wals, and woacs are weighted-averages. All specifications include a constant (not reported). Robust standard errors are reported in parentheses. Statistical significance: * * * p < 0.01, * * p < 0.05, * p < 0.10. (1)- (4)) or Fed share (in the second set of columns (1)- (4)) as well as other explanatory variables. Fed ownership is a dummy variable that equals one if security i is held by the Federal Reserve; Fed share denotes the share of security i that the Federal Reserve holds; wac is the weighted-average coupon on the underlying mortgage pool; factor is the fraction of the original principal balance that remains to be repaid; Freddie is a dummy variable that equals one if security i is a Freddie Mac security; FICO is the FICO credit score; TPO share is the share of loans originated by a third party; and refi share is the share of loans in a pool that were originated as a result of a previous refinancing. The variables wala, wals, and woacs are weighted-averages. All specifications include a constant (not reported). Robust standard errors are reported in parentheses. Statistical significance: * * * p < 0.01, * * p < 0.05, * p < 0.10. Table 8 Pooled Regression Estimates for Prepayment Rates (Production Years before 2009)
Variables (1) (2) (1)- (4)) or Fed share (in the second set of columns (1)- (4)) as well as other explanatory variables. Fed ownership is a dummy variable that equals one if security i is held by the Federal Reserve; Fed share denotes the share of security i that the Federal Reserve holds; wac is the weighted-average coupon on the underlying mortgage pool; factor is the fraction of the original principal balance that remains to be repaid; Freddie is a dummy variable that equals one if security i is a Freddie Mac security; FICO is the FICO credit score; TPO share is the share of loans originated by a third party; and refi share is the share of loans in a pool that were originated as a result of a previous refinancing. The variables wala, wals, and woacs are weighted-averages. All specifications include a constant (not reported). Robust standard errors are reported in parentheses. Statistical significance: * * * p < 0.01, * * p < 0.05, * p < 0.10. Table 9 Pooled Regression Estimates for Prepayment Rates (Production Years 2009 and 2010)
Variables (1) (2) (1)- (4)) or Fed share (in the second set of columns (1)- (4)) as well as other explanatory variables. Fed ownership is a dummy variable that equals one if security i is held by the Federal Reserve; Fed share denotes the share of security i that the Federal Reserve holds; wac is the weighted-average coupon on the underlying mortgage pool; factor is the fraction of the original principal balance that remains to be repaid; Freddie is a dummy variable that equals one if security i is a Freddie Mac security; FICO is the FICO credit score; TPO share is the share of loans originated by a third party; and refi share is the share of loans in a pool that were originated as a result of a previous refinancing. The variables wala, wals, and woacs are weighted-averages. All specifications include a constant (not reported). Robust standard errors are reported in parentheses. Statistical significance: * * * p < 0.01, * * p < 0.05, * p < 0.10. Table 10 Pooled Regression Estimates for Prepayment Rates (Excluding Delinquency Repurchases)
Variables (1) (2) (1)- (4)) as well as other explanatory variables. Fed ownership is a dummy variable that equals one if security i is held by the Federal Reserve; Fed share denotes the share of security i that the Federal Reserve holds; wac is the weighted-average coupon on the underlying mortgage pool; factor is the fraction of the original principal balance that remains to be repaid; Freddie is a dummy variable that equals one if security i is a Freddie Mac security; FICO is the FICO credit score; TPO share is the share of loans originated by a third party; and refi share is the share of loans in a pool that were originated as a result of a previous refinancing. The variables wala, wals, and woacs are weighted-averages. All specifications include a constant (not reported 
Variables (1) (2) (1)- (4)) as well as other explanatory variables. Fed ownership is a dummy variable that equals one if security i is held by the Federal Reserve; Fed share denotes the share of security i that the Federal Reserve holds; wac is the weighted-average coupon on the underlying mortgage pool; factor is the fraction of the original principal balance that remains to be repaid; Freddie is a dummy variable that equals one if security i is a Freddie Mac security; FICO is the FICO credit score; TPO share is the share of loans originated by a third party; and refi share is the share of loans in a pool that were originated as a result of a previous refinancing. The variables wala, wals, and woacs are weighted-averages. All specifications include a constant (not reported). Robust standard errors are reported in parentheses. Statistical significance: * * * p < 0.01, * * p < 0.05, * p < 0.10. Table 12 Regression Estimates for Banks' MBS holdings 
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